Ulcerative colitis (UC) is an acute and chronic inflammatory bowel disease of unknown aetiology, although bacterial species belonging to the normal colonic microbiota are known to be involved in its initiation and maintenance. Several organisms have been linked to the disease; however, mucosa-associated bacteria are more likely to be involved than their luminal counterparts, due to their close proximity to the host epithelium. Comparative bacteriological analyses were done on rectal biopsies to investigate differences in mucosal bacteria in patients with UC and healthy controls. Complex bacterial communities were found in both groups, with significant reductions in bifidobacterial numbers in UC, which suggested that they might have a protective role in the disease. Accordingly, a therapy for treating UC was designed, with the aim of modifying the mucosal microbiota to increase bifidobacterial colonisation and reduce inflammation. Ranges of mucosal and faecal bifidobacteria were tested for their substrate preferences and their abilities to survive under a variety of environmental conditions. A synbiotic comprising a probiotic (Bifidobacterium longum) isolated from healthy rectal mucosa combined with a prebiotic (oligofructose-enriched inulin -Synergy 1e) was developed. The treatment was used in a randomised controlled trial involving eighteen patients with active UC, for a period of 1 month. Rectal biopsies were collected at the beginning and end of the study. Bacteriological analysis and transcription levels of epithelium-related immune markers were assessed. Results demonstrated that short-term synbiotic treatment resulted in increased bifidobacterial colonisation of the rectal mucosa and induced significant reductions in the expression of molecules that control inflammation in active UC.
Ulcerative colitis (UC) and Crohn's disease are the two major forms of idiopathic inflammatory bowel disease (IBD). The inflammatory response in UC is primarily located in the colonic mucosa and submucosa, and the distal colon is always affected. The disease may progress towards the proximal bowel, with severe tissue damage, resulting in ulceration and haemorrhage.
Evidence from animal models suggests that healthy individuals have a tolerance to their own bacteria which is broken down in IBD, and that an altered immune response towards the commensal gut microbiota plays a key role in the development and maintenance of this condition (Butcher, 1991; Duchman et al. 1995; Macdonald et al. 2000; Campieri & Gionchetti, 2001 ). UC patients have been shown to have increased antibody production against strictly anaerobic species (Monteiro et al. 1971; Tvede et al. 1983; Bamba et al. 1995; Furrie et al. 2004 ) and increased levels of mucosal IgG against the normal colonic microflora (Macpherson et al. 1996) .
Early work implicated bacterial involvement in both the initiation and maintenance of the inflammatory processes of UC (Hill, 1986; Cummings et al. 2003) . Animal studies demonstrated that antimicrobial agents specifically active against obligate anaerobes prevented ulceration in guinea pigs (Onderdonk & Bartlett, 1979) , and that germ-free animals only develop colitis when repopulated with bacteria (Sadlack et al. 1993; Taurog et al. 1994) .
A variety of species including fusobacteria, shigella (Onderdonk, 1983) and, more recently, salmonella and yersinia have been linked to UC (Sartor et al. 1996) . In some studies, higher numbers of facultative anaerobes have been reported in faeces from IBD patients (Onderdonk, 1983; Seksik et al. 2003) . Escherichia coli was one of the first bacteria to be implicated in UC (Monteiro et al. 1971; van der Waaij et al. 1974 ) and subsequent studies suggested that isolates from UC patients were more adherent than those from healthy people or patients with infectious diarrhoea (Burke & Axon, 1988; Chadwick, 1991) . Later work suggested that E. coli occurred in low numbers in UC tissue (Walmsey et al. 1998) and that there was no increased adherence in the disease (Hartley et al. 1993; Schultsz et al. 1997) . However, to date, there is no evidence for a specific transmissible agent in UC.
Conventional treatment for UC usually involves suppression or modulation of the host inflammatory response using corticosteroids, aminosalicylates or immunomodulatory agents, depending on the severity and localisation of the disease. However, some individuals cannot tolerate these treatments, and they can have various debilitating side-effects (Navarro & Hanauer, 2003) . The few studies using antibiotics to treat UC in man have suggested that they are of limited use. However, animal studies indicate that antibiotics can be beneficial if given before the onset of colitis (Cummings et al. 2003) . Antibiotic resistance can also develop, and unless specifically targeted, antibiotics can cause severe disturbances in the microbiota. Moreover, bacteria involved in inflammatory processes in UC probably grow in biofilms on the mucosa, which have been shown to be resistant to antibiotics (Anwar et al. 1990 ).
Therefore, the use of other therapeutic methods to manipulate the composition and activities of mucosal bacterial communities may provide a useful alternative in the treatment of UC.
Probiotics, prebiotics and synbiotics
Probiotics, prebiotics and synbiotics are food ingredients that confer a beneficial effect beyond that of their nutritional content alone (Shanahan & McCarthy, 2000) . Probiotics are live microbial feed supplements that change either the composition and/or metabolic activities of the microbiota, or modulate host immune system reactivity in such a way that benefits health (Macfarlane & Cummings, 2002) . Prebiotics have been defined as non-digestible oligosaccharides that selectively stimulate one or a limited number of bacterial species in the colon in a way that benefits health (Gibson & Roberfroid, 1995) . Prebiotics can act as substrates for the growth of beneficial bacteria, such as bifidobacteria and lactobacilli, which are already present in the colon, to maintain a health-promoting microbiota and enhance colonisation resistance. The most common prebiotics are inulin-type fructans that occur naturally in plants such as artichoke, onion, banana and chicory root. Longer chain lengths are termed inulin and shorter molecules oligofructose. Commercial forms are mainly created by extraction from chicory roots or by synthesis from sucrose (Niness, 1999) . The combination of a probiotic and prebiotic is termed a synbiotic. The rationale behind this concept is that the prebiotic preferentially stimulates growth of the probiotic, although it will also affect other bacteria in the gut.
There is increasing evidence that the use of functional foods such as probiotics can reduce the severity of IBD, and that they may be beneficial as maintenance therapy (Gionchetti et al. 2000) . However, their effects on the commensal microbiota and the host immune system need to be determined, since the immunomodulatory properties of probiotic bacteria vary widely (He et al. 2000; Maassen et al. 2000; Ibnou-Zekri et al. 2003) . The most widely used probiotics in man are bifidobacteria and lactobacilli, but other organisms such as E. coli and the yeast Saccharomyces boulardii have been reported to have some beneficial effects in maintaining remission in IBD (Kruis et al. 1997; Rembacken et al. 1999; Guslandi et al. 2000) . Other evidence linking the use of probiotics with health benefits in UC have come from animal studies. Lactobacillus reuterii has been shown to reduce the effects of colitis induced by acetic acid (Fabia et al. 1993a ) and methotrexate (Mao et al. 1996) and to prevent spontaneous colitis developing in IL-10-deficient mice (Madsen et al. 1999) . In another study, Lactobacillus plantarum 299V reduced mucosal IgG, interferon-g and IL-12, and attenuated inflammatory responses in the IL-10, mouse model of colitis (Schultz et al. 2002) . A genetically engineered Lactococcus lactis, which secretes IL-10, was able to reduce colitis by 50 % in two mouse models (Steidler et al. 2000) .
Pouchitis is a frequent and chronic complication that occurs after pouch surgery for UC. Reduced numbers of lactobacilli have been found in colonic biopsies from pouchitis patients (Fabia et al. 1993b) , as well as lower numbers of lactobacilli and bifidobacteria in gut contents (Ruseler van Embden et al. 1994) . A probiotic mixture VSL3 containing eight different organisms has been reported to be effective in maintaining remission in chronic pouchitis (Gionchetti et al. 2000) , and was believed to be effective in treating UC patients (Venturi et al. 1999) allergic to compounds based on 5-aminosalicylic acid.
However, it is unclear how the bacteria in this mixture interact with each other and the host in vivo, and there are potential safety issues with the use of probiotics as a therapy for UC. For example, Lactobacillus rhamnosus was found to cause sepsis in a UC patient (Farina et al. 2001) , while Enterococcus faecalis induces IBD in mice (Balish & Warner, 2002) .
Mucosal bacteria in ulcerative colitis
The luminal microflora of UC patients has been examined in many studies (van der Wiel-Korstanje & Winkler, 1975; von Wulffen et al. 1989 ), but little work has been done on mucosal bacterial communities in UC. However, since the mucosa is the principal site of inflammation in UC, it is likely that mucosal bacteria, due to their closer proximity to host tissues, are able to interact directly with the host immune system and initiate the inflammatory response. Bacterial populations colonising the large intestinal epithelium are known to be different in composition to those that occur in the gut lumen (Macfarlane et al. 1999 (Macfarlane et al. , 2000 . Recently, using molecular techniques, significant differences were observed in mucosal and faecal microflora (Zoetendal et al. 2002) . Studies on colonic biopsies from the healthy gut have shown that although mucosal bacteria are able to adhere directly to the bowel wall, the organisms are present in higher numbers in the mucus layer (Hartley et al. 1993) .
Using culturing methods, Poxton et al. (1997) found no significant differences in bacteria growing on mucosal surfaces in UC patients and controls with non-inflammatory bowel conditions. Bacteroides predominated in both groups, with Bacteriodes thetaiotaomicron being more prevalent in UC. Other studies have found high numbers of bacteria on UC mucosa compared to controls (Schultsz et al. 1999; Swidsinski et al. 2002) . A recent investigation on mucosal biopsies from active UC and Crohn's patients, using a combination of cloning, single-strand conformational polymorphism fingerprinting and real-time PCR, reported a reduction in bacterial diversity occurred in IBD patients, with reduced numbers of bacteroides and enterobacteria (Ott et al. 2004) . A number of investigations have used molecular techniques such as fluorescence in situ hybridisation (FISH) and real-time PCR, which do not require bacteria to be cultured. However, although they can compare differences in the genetic composition of mucosal microbiota, they provide no information on the viability of the bacteria, their effects on the immune system or other characteristics that determine their role in UC or suitability for probiotic use in UC therapy.
Characterisation of the mucosal flora
Because of the putative role of mucosal biofilms in UC aetiology, we compared mucosal bacterial communities colonising the rectal epithelium in nineteen individuals (nine UC, ten normal). All biopsies taken during endoscopy were of inflamed tissue from patients that had mild or moderately severe UC. Rectal biopsies were used in these studies because UC always starts in this region of the large bowel, and the gut did not need to be cleansed, with the attendant risk of disturbing the microbiota. Tissue samples were immediately transported to the laboratory and plated onto a range of selective and non-selective agars. The bacteria were then characterised on the basis of their Gram staining characteristics, cellular morphology and cellular fatty acid methyl ester profiles using the MIDI system. FISH analysis with a variety of 16S rRNA probes was also used to visualise bacterial colonisation of the mucosa.
Complex bacterial communities were found in both healthy people and UC patients . Total bacterial counts ranged from 10 4 to 10 6 cm 2 in both groups. In total, seventy-two bacterial taxa belonging to eighteen genera were found and anaerobic bacteria outnumbered facultative anaerobes in both UC and healthy subjects. In both groups, bacteroides -occurred in the highest numbers, although facultative anaerobes were found in proportionately much higher numbers than in faecal material. The predominant facultative species was E. coli. Unlike the other major groups of bacteria colonising the rectal epithelium, bifidobacterial populations were significantly different in UC with mean counts being 30-fold higher in non-UC. Bifidobacterium adolescentis was the most prevalent in non-UC, whereas Bifidobacterium angulatum predominated in UC patients. B. angulatum and B. bifidum were found in both UC and healthy subject groups. Low numbers of bifidobacteria or the absence of particular bifidobacterial taxa on the mucosa may be of significance in UC because some species exhibit strong immunomodulatory properties (Ruseler van Embden et al. 1994) . Other investigators have also reported major reductions in bifidobacteria on the gut mucosa in IBD patients, together with increased bacteroides (Pathmakanthan et al. 1999) . Bifidobacteria and peptostreptococci are highly immunogenic in UC patients , suggesting that the presence or absence of these organisms may be linked to the disease process. Peptostreptococci and E. faecalis were not found on the rectal mucosa in healthy people, but did occur in UC patients. Matsuda et al. (2000) also found that peptostreptococci only occurred on mucosal surfaces in UC.
Microscopic analysis using a live/dead stain and 16S rRNA probes applied directly onto the rectal epithelium showed that the majority of the bacteria were living, suggesting that they were actively growing on the gut surface. Many of the organisms such as bacteroides, bifidobacteria and enterococci in UC patients were seen growing in microcolonies, which may have implications for UC, since this form of colonisation would result in higher localised concentrations of bacterial antigens, or toxins, than would be the case if the organisms were diffusely spread across the mucosa.
Probiotic development and production
Ten bifidobacterial isolates from healthy colonic mucosa were assessed for their suitability as probiotics, and were compared to five isolates from faeces provided by healthy donors and four culture collection strains. In all six strains of B. adolescentis, two Bifidobacterium bifidum, two Bifidobacterium infantis (DSM 86 184, ATCC 15 617) two Bifidobacterium longum, and one each of B. angulatum, Bifidobacterium breve, Bifidobacterium catenulatum, Bifidobacterium dentium, Bifidobacterium lactis (DSM 10 140), Bifidobacterium pseudocatenulatum and Bifidobacterium suis (ATCC 17 533), were tested. To determine the suitability of the isolates as potential probiotics, the organisms were assessed for aero tolerance, acid tolerance, bile salt resistance, adhesion to epithelial cells, and their abilities to utilise various prebiotic substrates. Their abilities to survive freeze drying and long-term storage were also determined.
A B. longum strain isolated from healthy rectal mucosa was selected as the most suitable candidate to use in a feeding trial. Its identity was confirmed by partial sequencing (500 of 1500 bp) of the variable region of the 16S rRNA gene. The ability of this isolate to effect expression of the pro-inflammatory cytokines IL-1a, TNFa and IL-8 in a HT29 epithelial cell line was also determined by real-time PCR, by measuring mRNA levels and cytokine ELISA for secreted proteins. The bacterium significantly reduced mRNA synthesis and protein levels of IL-1a produced by HT29, and did not stimulate TNFa and IL-8. The organism was then grown overnight under anaerobic conditions at 378C in Wilkins -Chalgren broth, centrifuged at 14 000g for 30 min and washed twice in anaerobic PBS. The pellet was frozen overnight at 2 808C, lyophilised and stored at 48C. Cell viability and purity were checked during the production and packaging of the probiotic and throughout the study.
Synbiotic feeding study
A synbiotic combining the probiotic B. longum isolate and the prebiotic oligofructose-enriched inulin (Synergy 1e; Orafti, Tienen, Belgium) was then used in a double-blinded randomised controlled trial lasting 1 month (Furrie et al. 2005) . Oligofructoseenriched inulin was chosen as it was found to be the preferential prebiotic growth substrate for B. longum.
Eighteen patients with active UC (age 24 -67 years) were selected from a gastroenterology outpatient clinic for the study. Patients receiving the synbiotic were given 2 £ 10 11 freeze-dried viable B. longum in a gelatin capsule, and a sachet containing 6 g of the prebiotic twice daily for 4 weeks. Placebos were given an identical capsule containing potato starch and sachets containing 6 g of powdered maltodextrin to simulate the prebiotic. To minimise the inhibitory effects of gastric acid on the bifidobacterium, the capsules were taken after breakfast and after the evening meal. At each visit, at the start and end of the study period, clinical status was scored, rectal biopsies were collected and transcription levels of epithelium-related immune markers measured. Mucosal bifidobacterial populations were compared using quantitative real-time PCR.
Currently, the main way of measuring the inflammatory status of an individual with IBD is by sigmoidoscopy and histology. However, with the advent of new more sensitive molecular methods, such as real-time PCR, changes in the levels of gene expression of inflammatory markers can now be quantified (Furrie et al. 2005) . Pro-inflammatory cytokines such as TNFa, IL-8, IL-1a and IL-1b are up-regulated in active UC, and levels of TNFa have been shown to be significantly reduced after administration of probiotics ex vivo to colonic biopsies from Crohn's patients (Borruel et al. 2002) . However, these cytokines can be expressed by other infiltrating cells in the mucosa (Woywodt et al. 1999; Daig et al. 2000; Borruel et al. 2002) , and do not therefore provide a clear picture of what is happening in the epithelial cells.
To circumvent this, levels of human b-defensins (hBD), which are antimicrobial peptides expressed uniquely by epithelial cells in the intestine (Zhao et al. 1996; Yamaguchi et al. 2002) , were quantified by real-time PCR. There are currently six hBD (hBD1-6) recognised, and hBD2 -3 are known to be up-regulated, by bacterial challenge and the formation of pro-inflammatory cytokines (O'Neil et al. 1999 (O'Neil et al. , 2003 . In Crohn's disease, the hBD2 and 3 responses are reduced, whereas in UC, hBD2 and 3 have been shown to be significantly up-regulated (O'Neil et al. 1999; Fellerman et al. 2003; Wehkamp et al. 2003) .
mRNA for hBD2 was significantly reduced in the test group after 4 weeks of synbiotic consumption (Fig. 1) . Marked reductions were also seen in the levels of the pro-inflammatory cytokines, TNFa and IL-1a, that induce defensin expression (Figs 2 and 3 ). In the most severely ill patients, C-reactive protein fell to normal levels. Regeneration of the epithelium and a decrease in inflammation occurred in the synbiotic patients at the end of the trial, with reductions in both histology and sigmoidoscopy (Fig. 4) scores. However, they did not reach statistical significance, which may have been due to the short duration of the trial. A 42-fold increase in bifidobacterial colonisation was seen in mucosal biopsies in the synbiotic group, compared to a 4·6-fold increase in the placebo group (Fig. 5) .
Summary
Highly complex microbial communities colonise the human gut mucosa in health and disease. Circumstantial evidence suggests that these mucosal biofilms may be involved in the aetiology of colitis. The development of a synbiotic therapy for UC, comprising a probiotic B. longum isolated from the rectal mucosa of a healthy individual, in combination with a prebiotic growth substrate, was shown to reduce significantly the levels of inflammatory markers in active UC during a 1-month feeding trial. A reduction in inflammation was also seen at the clinical level, in histology and sigmoidoscopy scores. A large-scale clinical trial is now needed to investigate the long-term effects of synbiotic use in inducing and maintaining remission in patients with active disease. The difference between pre-and post-feeding in the synbiotic group was significant (P¼0·016). Results are normalised for epithelial cell numbers by determining levels of hBD1, the constitutive epithelial cell house-keeping gene. Fig. 2 . Cytokine TNFa mRNA concentrations in mucosal tissue before and after 4 weeks' consumption of synbiotic or placebo. The difference in the synbiotic group between pre-and post-feeding was significant (P¼0·017). Levels are normalised for total cells per biopsy using glyceraldehyde 3-phosphate dehydrogenase. Fig. 3 . Cytokine IL-1a mRNA concentrations in mucosal tissue before and after 4 weeks' consumption of synbiotic or placebo. The difference in the synbiotic group between pre-and post-feeding was significant (P¼0·038). Levels are normalised for total cells per biopsy using glyceraldehyde 3-phosphate dehydrogenase. Fig. 4 . Clinical outcome for patients assessed by sigmoidoscopy score (SS).
Results are expressed as the difference in values recorded at day 1 and day 28 of the trial. The difference in pre-and post-feeding between the synbiotic and placebo groups was approaching significance (P¼ 0·06). Fig. 5 . Levels of bifidobacteria-specific total 16S rRNA in mucosal biopsies pre-and post-feeding determined using real-time PCR. The synbiotic group demonstrated a 42-fold increase and the placebo group a 4·6-fold increase over the 4 weeks of the study. The samples were normalised for numbers of epithelial cells by human b-defensin 1 levels.
